Context. The star formation properties of early-type galaxies (ETGs) are currently the subject of considerable interest, particularly whether they differ from those of gas-rich spirals. Aims. We perform a systematic study of star formation in a large sample of local ETGs using polycyclic aromatic hydrocarbon (PAH) and dust emission, focusing on the galaxies' star formation rates (SFRs) and star formation efficiencies (SFEs). Methods. Our sample is composed of the 260 ETGs from the ATLAS 3D survey, from which we use the cold gas measurements (H i and CO). The SFRs are estimated from stellar, PAH and dust fits to spectral energy distributions created from new AKARI measurements and literature data from WISE and 2MASS. Results. The mid-infrared luminosities of non-CO-detected galaxies are well correlated with their stellar luminosities, showing that they trace (circum)stellar dust emission. CO-detected galaxies show an excess above these correlations, uncorrelated with their stellar luminosities, indicating that they likely contain PAHs and dust of interstellar origin. PAH and dust luminosities of CO-detected galaxies show tight correlations with their molecular gas masses, and the derived current SFRs are typically 0.01 -1 M ⊙ yr −1 . These SFRs systematically decrease with stellar age at fixed stellar mass, while they correlate nearly linearly with stellar mass at fixed age. The majority of local ETGs follow the same star-formation law as local star-forming galaxies, and their current SFEs do not depend on either stellar mass or age. Conclusions. Our results clearly indicate that molecular gas is fueling current star formation in local ETGs, that appear to acquire this gas via mechanisms regulated primarily by stellar mass. The current SFEs of local ETGs are similar to those of local star-forming galaxies, indicating that their low SFRs are likely due to smaller cold gas fractions rather than a suppression of star formation.
Introduction
Stellar population studies of local early-type galaxies (ETGs; ellipticals and lenticulars) show that they are dominated by old stars and reside in the so-called red sequence of the optical colour-magnitude diagram. This suggests that they ceased to form stars at an early stage of their evolution (e.g., Cowie et al. 1996 ; Thomas et al. 2010) , and thus represent the end point of galaxy evolution.
The interstellar space of ETGs is generally filled with hot X-ray gas (e.g., Forman et al. 1985) , that can heat and destroy any cold interstellar medium (ISM), the fuel for star formation. Nevertheless, atomic gas, molecular gas and dust have all been detected in a significant fraction of ETGs (e.g., Knapp et al. 1985; Wardle & Knapp 1986; Knapp et al. 1989; Knapp & Rupen 1996) , and evidence for the presence of such cold gas and dust in ETGs has grown for the last two decades through both radio and infrared (IR) observations. In particular, Young et al. (2011) carried out a molecular gas survey of the 260 ETGs in the ATLAS 3D sample , that aimed to reveal the formation and evolutionary processes of nearby ETGs. With a high detection rate of 22%, they confirmed that molecular gas is prevalent in ETGs, suggesting that some ETGs may still be able to form new stars. Far-infrared (FIR) emission from cold dust in ETGs was systematically investigated first with the Infrared Astronomical Satellite (IRAS; Knapp et al. 1989) . More recent observations with satellites such as the Infrared Space Observatory (ISO), Spitzer, AKARI and Herschel also detected dust of both circumstellar and interstellar origin in many ETGs (e.g., Temi et al. 2003; Kaneda et al. 2011; Smith et al. 2012) . Polycyclic aromatic hydrocarbons (PAHs) , that are destroyed by X-rays much more easily than dust, are also detected in some ETGs (e.g., Kaneda et al. 2005 Kaneda et al. , 2008 Rampazzo et al. 2013) . As PAHs are considered a star formation tracer, their presence in ETGs again suggests that star formation is ongoing. Indeed, PAHs are excited and ionised by farultraviolet (FUV) light from young stars, producing strong features primarily at wavelengths of 6.2, 7.7 and 8.6 µm, while they are destroyed by hard UV and X-ray radiation from active galactic nuclei (AGN; e.g., Peeters et al. 2004) .
Utilizing PAH emission observed with Spitzer, Shapiro et al. (2010) investigated the star formation properties of the 48 ETGs in the SAURON sample (de Zeeuw et al. 2002) , and argued that ETGs are forming stars with surface densities and efficiencies Article number, page 1 of 30 similar to those of spiral galaxies. They also suggested that star formation in ETGs proceeds in at least two different modes (widespread and circumnuclear), that may reflect different evolutionary paths. With PAH and mid-infrared emission (MIR), Crocker et al. (2011) calculated the current star formation rates (SFRs) of the SAURON ETGs, and suggested that they form stars less efficiently than spiral galaxies. Using both numerical simulations and observational results, Martig et al. (2013) similarly argued that ETGs have lower star formation efficiencies (SFEs; defined as the SFR per unit cold gas mass M gas ) than spiral galaxies, likely due to the increased stability of discs embedded in spheroids (morphological quenching). The same trend is reported in the ATLAS 3D sample using SFRs estimated from MIR and FUV light (Davis et al. 2014) . It has also been suggested that AGN and galaxy mergers can respectively heat (and expel) and strip away the cold ISM of ETGs, thus suppressing star formation (i.e., lowering the SFE; see, e.g., Schawinski et al. 2006; Nesvadba et al. 2011; Alatalo et al. 2015; Guillard et al. 2015; Lanz et al. 2016) . It is therefore likely that while ETGs have a substantial cold ISM and are forming stars, their SFE is reduced with respect to that of spiral galaxies, due to a number of properties and mechanisms particular to them.
In a different vein, the sources of the cold ISM in ETGs are themselves a matter of debate. As mentioned above, the stellar populations of ETGs are uniformly old, indicating that the original cold gas reservoirs that led to galaxy formation have already been consumed (e.g., Bower et al. 1992) . In addition, old stars do not efficiently produce dust, and ETGs are filled with hot X-ray gas, that can destroy dust through sputtering (e.g., Draine & Salpeter 1979 ). Yet Goudfrooij & de Jong (1995) clearly demonstrated that ellipticals contain more dust than that expected from the balance between production via stellar mass loss (e.g., Faber & Gallagher 1976 ) and destruction via X-ray sputtering. Galaxy mergers are therefore frequently invoked as a possible mechanism to supply cold gas and dust to ETGs. For example, Davis et al. (2011) studied the kinematics of stars, ionised gas and molecular gas in ETGs and, due to the pervasiveness of kinematic misalignments between stars and gas, suggested that the majority of them may obtain cold gas from external sources. Internal sources are however also proposed by several authors. For example, based on the spatial distribution of dust and X-ray gas, it has been suggested that intermittent buoyant outflows from low-luminosity AGN can replenish dust in ellipticals (e.g., Temi et al. 2007; Kaneda et al. 2011) . Continuous dust production by old stars and dust growth in the ISM are other potential channels for dust production in ETGs (Martini et al. 2013; Hirashita et al. 2015) .
Depending on how ETGs obtain their gas and dust, star formation may well proceed differently. A systematic study of the cold ISM properties of a large sample of ETGs, coupled with constraints on their star formation activity, is thus essential to properly understand ETG evolution. Here, we systematically investigate the star formation properties of the ATLAS 3D ETGs using PAH and dust emission measured from the AKARI allsky survey, combined with Wide-field Infrared Survey Explorer (WISE) and Two Micron All Sky Survey (2MASS) archival data, and atomic and molecular gas data from ATLAS 3D . We detail our measurements in Sect. 2 and present the main results in Sect. 3. The star formation properties of ETGs are discussed in Sect. 4 and we summarise our results in Sect. 5.
Sample and Data

ATLAS
3D survey
The goal of the ATLAS 3D project was to conduct a comprehensive study of a complete, volume-limited sample of 260 morphologically-selected local ETGs (M K < −21.5 and D < 42 Mpc; Cappellari et al. 2011) . A diverse range of observations and simulations was performed, at its core optical integralfield spectroscopic observations with the SAURON instrument (Bacon et al. 2001) , yielding detailed information on the stellar kinematics Emsellem et al. 2011; Krajnović et al. 2013a,b) and populations (Cappellari et al. 2012; Scott et al. 2013; McDermid et al. 2014 McDermid et al. , 2015 . In addition to single-dish molecular gas surveys (Combes et al. 2007; Young et al. 2011) , both H i and CO interferometric observations were obtained (Young et al. 2008; Crocker et al. 2011; Serra et al. 2012; Alatalo et al. 2013) . The morphology and kinematics of the molecular gas are characterised in Davis et al. (2013) , while its physical conditions are discussed in Crocker et al. (2012) and Bayet et al. (2013) .
AKARI all-sky survey
The new IR fluxes presented here were obtained from the AKARI satellite (Murakami et al. 2007 ) all-sky surveys in the MIR (central wavelengths 9 and 18 µm; Onaka et al. 2007 ) and FIR (65, 90 and 140 µm; Kawada et al. 2007) . For the MIR 9 and 18 µm bands, the total galaxy flux densities were obtained through aperture photometry as follows. First, we applied a spatial filtering of 1.3 arcmin −1 to each galaxy image, to remove periodic noise. Second, we performed aperture photometry on the all-sky diffuse maps Ishihara et al., in preparation) , within a circular aperture of radius R aper = (2R e ) 2 + (1.5D PSF ) 2 , where R e is the effective radius of each galaxy in the optical B band ) and D PSF is the full width at half maximum of the point spread function (PSF) of the AKARI instrument at the given wavelength (Ishihara et al. 2010; Takita et al. 2015) . The average sky level was first measured in a circular annulus of inner radius 1.5R aper and outer radius 2.5R aper , and was then subtracted from individual measurements. The uncertainty of the total flux density of a given object in a given band was estimated by appropriately propagating the uncertainty on individual measurements, taken as the standard deviation of the flux densities in the same sky annulus. For the FIR 65, 90 and 140 µm bands, the total galaxy flux densities were measured in an identical manner, but without the initial spatial filtering. Details of the measurement will be provided in the AKARI ETG catalogue (Kaneda et al., in preparation) , in which integrated flux density measurements of ≈8000 ETGs selected from the HyperLeda catalogue (Makarov et al. 2014 ) will be detailed.
Overall, we measured AKARI flux densities for 258, 260, 245, 246 and 254 of the 260 ATLAS 3D ETGs in the 9, 18, 65, 90 and 140 µm bands, respectively, the missing measurements being due to incomplete AKARI sky coverage. When possible, the missing 65 and 90 µm flux densities were replaced by IRAS 60 and/or 100 µm measurements, as listed in the NASA/IPAC Extragalactic Database (NED)
1 . In the 65, 90 and 140 µm bands, respectively, a further 52, 8 and 22 measurements are likely affected by source confusion or instrumental artefacts, and are thus excluded from our analysis. The MIR and FIR flux densities thus derived are listed in Notes. The 14 and 13 galaxies not observed with AKARI in respectively the 65 and 90 µm bands are supplemented by IRAS 60 and/or 100 µm measurements. It has already been shown that AKARI fluxes are in good agreement with analogous measurements by Spitzer and Herschel (Suzuki et al. 2010; Hattori et al. 2016 ), but we nevertheless check the quality of our measurement here by comparing our AKARI 90 and 140 µm flux densities with Spitzer and Herschel measurements. Among our sample, 89 galaxies have published Spitzer 70 µm measurements (Amblard et al. 2014) , and 22 galaxies have both Herschel 100 and 160 µm measurements (Dale et al. 2012; di Serego Alighieri et al. 2013; Baes et al. 2014) . In all cases (AKARI 90 µm vs. Spitzer 70 µm, AKARI 90 µm vs. Herschel 100 µm and AKARI 140 µm vs. Herschel 160 µm), we find that most measurements are consistent within the uncertainties, and that they are proportional with a slope of approximately unity and a small intrinsic scatter of 0.2 dex, thus confirming the reliability of our measurements. These parameters are estimated using a linear fit with free slope and nul intercept in log-log space, adjusting the intrinsic scatter until the reduced χ 2 is equal to 1 (see Williams et al. 2010 ).
The number of galaxies robustly detected (defined here as having a signal-to-noise ratio S /N > 3) is summarised in Table 1 for each band. Detection rates are 41, 13, 16, 43 and 28% for the 9, 18, 65, 90 and 140 µm bands, respectively. In the FIR, 117 galaxies (45%) are detected in at least one band (thus one, two or three FIR bands), while 71 galaxies (27%) are detected in at least two bands (thus two or three FIR bands). The lower detection rates at 18 and 65 µm are due to respectively a relatively high background level (Kondo et al. 2016 ) and a narrow bandwidth (Kawada et al. 2007) . Systematic flux density uncertainties are estimated to be 10% in the MIR (9 and 18 µm; Ishihara et al., in preparation), and 20, 20 and 50% in the FIR (65, 90 and 140 µm, respectively; Takita et al. 2015) . For illustrative purposes, Figure 1 shows an example of a strong detection (S /N > 3), a marginal detection (S /N ≈ 3) and a non-detection (S /N < 3), all in the AKARI 140 µm band. 
WISE survey
Near-infrared (NIR) and MIR flux densities for our sample galaxies are also available from the AllWISE catalog (Cutri et al. 2013) , composed of data obtained during the cryogenic and postcryogenic phases of the WISE all-sky survey. We therefore use the four WISE photometric bands with central wavelengths of 3.4, 4.6, 12 and 22 µm. Total magnitudes were measured using aperture photometry (and are referred to as WXGMAG, with X equal to 1, 2, 3 or 4 for each of the four WISE bands), with the aperture calculated from 2MASS NIR surface photometry (Skrutskie et al. 2006 ) and the WISE PSF. When a WXGMAG magnitude is not available, we adopt instead the profile fit magnitude WXMPRO. However, as some galaxies are much more spatially extended than the WISE PSF, the profile fit photometry can underestimate the true total fluxes. To avoid this, the WXM-PRO magnitudes are calibrated using the method of Griffith et al. (2015) , that takes into account the extent of the galaxies as measured from other WISE photometric parameters. Despite this, we use the uncorrected profile fit magnitudes when there is strong contamination from background sources, as the correction process is then likely to be inaccurate. The 2MASS-determined WXGMAG apertures of galaxies that are well resolved spatially can also be slightly too small, resulting in total flux densities underestimated by as much as 30% 2 . We therefore add a systematic uncertainty of 30% to the WISE systematic flux calibration uncertainties. Figure 2 shows correlations between the total 9, 18, 90 and 140 µm AKARI luminosities and the total K s -band luminosities listed in Cappellari et al. (2011) . Luminosities are estimated using the galaxy distances listed in Cappellari et al. (2011) throughout this paper. Data points are colour-coded according to whether the sample galaxies are detected in CO (blue) or not (red) in Young et al. (2011) . To quantify the contribution of the stellar emission from old stellar populations to the AKARI luminosities, we fitted the correlations of non-CO-detected galaxies with straight lines. The best fits are shown in the panels of Fig. 2 and the best-fit parameters are listed in Table 2 . By subtracting the best fits from the luminosities of CO-detected galaxies, we can estimate their excess luminosities and assess whether these correlate with the K s -band luminosities. This in turn establishes if the excess luminosities are of (circum)stellar origin or not (and thus of interstellar origin).
Results
Relation between IR and K s -band luminosities
As the sample galaxies cover a rather large range of K s -band luminosities and are spread over that range roughly uniformly in log(L K s /L ⊙ ), it is preferable to do the above fits in log-log space (as shown in Fig. 2 ). While we would ideally use for those fits . Conversely, open triangles indicate respectively 2.4, 2.2, 2.7 and 2.8σ upper limits. Blue and red data points denote CO-detected and non-CO-detected galaxies, respectively. Linear correlation coefficients (R) and p-values for CO-detected and non-CO-detected galaxies are indicated in blue and red, respectively, for galaxies above the stated S /N thresholds. Solid black lines show the best linear fits to the non-CO-detected galaxies only, excluding upper limits (see Table 2 ). The bottom four panels are the same as the top four panels, but without upper limits.
only robustly detected galaxies (i.e., those measurements with S /N > 3), this would not leave enough data points for a reliable fit at 18 µm. For each band, we therefore use the lowest S /N threshold yielding only positive measurements (S /N > 2.4, 2.2, 2.7 and 2.8 at respectively 9, 18, 90 and 140 µm). The linear correlation coefficients (R) of those measurements and the probabilities of obtaining the measured R if the null hypothesis is true (p) are also listed in each panel, to ascertain the strengths of the correlations. Measurements below those S /N thresholds are replaced by upper limits of the same significance in Fig. 2 . As can be seen in the top-left panel of Fig. 2 , the 9 µm luminosities of non-CO-detected galaxies correlate very well with their K s -band luminosities (with a correlation coefficient R = 0.78 and > 99% confidence levels). As K s band traces old stellar populations and the 9 µm emission of non-CO-detected galaxies is also expected to be dominated by emission from the stars themselves, a correlation between these two bands is expected. However, CO-detected galaxies show excess 9 µm emission, being systematically above the correlation of non-COdetected galaxies (or consistent with it), suggesting that COdetected galaxies have PAH emission beyond any associated with the stars. Indeed, the AKARI 9 µm band is sensitive to major PAH bands at 6.2, 7.7 and 8.6 µm (Ishihara et al. 2010) . Furthermore, the excess luminosities of CO-detected galaxies do not correlate well with their K s -band luminosities (R = −0.14 and p = 0.36), suggesting that their PAHs are not of circumstellar origin but rather of interstellar origin.
The correlation between the 18 µm and K s -band luminosities is also significant for non-CO-detected galaxies (R = 0.73 and p < 0.01; top-right panel of Fig. 2) , suggesting that the bulk of their 18 µm emission is of circumstellar dust origin. This is supported by the fact that circumstellar dust generated and heated by old stars is known to be the dominant emission source in ETGs at 15 and 24 µm (Athey et al. 2002; Temi et al. 2009 ). Most COdetected galaxies again show a significant excess above the correlation of non-CO-detected galaxies, and their excess luminosities is not correlated with their K s -band luminosities (R = −0.18 and p = 0.32). The 18 µm emission of CO-detected galaxies is thus likely due to interstellar dust heated by relatively young stellar populations or AGN activity (see Nyland et al. 2016 for a study of nuclear radio emission in ATLAS 3D ETGs). The 9 and 18 µm luminosities thus strongly suggest that ETGs with detectable molecular gas also contain significant interstellar dust.
In the bottom two panels of Fig. 2 , the correlations between the FIR 90 and 140 µm luminosities (tracing cold dust) and the NIR K s -band luminosities (tracing stellar emission) of non-COdetected galaxies are weaker than those in the MIR bands and are not statistically significant. This appears consistent with the results of Temi et al. (2007) , who argued that FIR emission in ETGs originates from cold dust of interstellar origin, presumably spread and heated by diffuse starlight and/or hot gas. However, it is worth noting that the correlations are not totally negligible either (p = 0.01 and 0.05 at 90 and 140 µm, respectively). This raises the interesting possibility that the stellar populations of ETGs may have cold dust of circumstellar origin, perhaps in shells at large stellar-centric radii. This should however be verified with either more accurate or more numerous data. Either way, CO-detected galaxies again show systematically brighter FIR emission, uncorrelated with stellar emission, implying that they are even richer in interstellar cold dust than the norm (i.e., than non-CO-detected galaxies).
PAH and dust emission
To estimate accurate PAH and dust luminosities for our sample galaxies, we created spectral energy distributions (SEDs) by combining the 2MASS K s -band, WISE and AKARI data. We fitted each SED with a model composed of emission from stars, PAHs and two dust components (warm and cold). We described the stellar continuum emission with a power-law model. In addition, to describe a silicate feature seen in ETGs around 10 µm (e.g., Bressan et al. 2006 ), we added a Gaussian function to the power-law model, where the width and amplitude of the Gaussian relative to the stellar continuum were determined from the quiescent elliptical galaxy template of Kaneda et al. (2008) . The Draine & Li (2007) model was used for the PAH emission, with a size distribution and ionised fraction typical of the diffuse ISM of star-forming galaxies (for lack of a better model), while only the amplitude was allowed to vary. The warm and cold dust components were each described by a modified blackbody model with emissivity power-law index 2 (Galametz et al. 2012) , while the amplitude and temperature were allowed to vary. When fitting the SEDs, we used all detections regardless of their significance, adopting their errors as weights (1/σ 2 , where σ is the error), with the additional constraint that the fits must be positive at all wavelengths.
First, we fitted the SEDs of galaxies robustly detected (i.e., S /N > 3) in two or three FIR bands, by allowing all the parameters to vary. Then, by fixing the warm and cold dust temperatures to the means of the best-fit temperatures of those galaxies, we fitted the SEDs of the remaining galaxies (i.e., galaxies detected in only one or no FIR band). Although this ignores the differences between random and systematic uncertainties and is therefore not ideal, we added the measurement and systematic flux calibration uncertainties in quadrature when performing the fits.
In our sample, 71 galaxies are robustly detected in two or three FIR bands, from which we estimated a mean dust temperature of 83 ± 22 K for the warm component and 26 ± 6 K for the cold component. The fit was not acceptable at the 90% confidence level for 3 of these objects. For the remaining galaxies, the fit was not acceptable for 26 objects. These 29 objects were thus excluded from the following analysis. The SEDs and bestfit models of the 231 remaining ATLAS 3D ETGs are shown in Fig. 3 .
We calculated the PAH and dust luminosities (L PAH , L warm and L cold ) by integrating the aforementioned best-fits of each component over the wavelength range 5 -1000 µm. The luminosities thus derived are listed in Table A .2, and the total IR (TIR) luminosities (L TIR ) were estimated by simply taking the sums of those three components. To check the reliability of our PAH luminosities, we compared them to the PAH luminosities derived by Shapiro et al. (2010) using the non-stellar Spitzer 8 µm emission (as done in Sect. 2.2 for our 90 and 140 µm flux densities). The PAH luminosities are almost all consistent within the uncertainties, and are proportional with a slope of approximately unity and a small intrinsic scatter of 0.2 dex. Figure 4 shows L PAH , L warm , L cold and L TIR plotted against H 2 mass, the latter calculated from the integrated CO line intensity assuming a Galactic conversion factor (see Young et al. 2011) . It is clear that the IR luminosities of CO-detected galaxies (here stellar emission-subtracted by construction) are well correlated with their molecular gas masses, thus confirming a tight connection between dust and molecular gas even in ETGs (see also Combes et al. 2007 ). Among the IR luminosities, L warm has a relatively large scatter, suggesting that dust heating by young stellar populations and/or AGN can vary from galaxy to galaxy.
Star formation rates
To estimate the current SFRs of the 231 ATLAS 3D ETGs with good SED fits, we utilised the PAH and TIR luminosities calculated from those fits. In particular, ionised PAHs are known to be good tracers of star formation, as they are exposed to the radiation fields of photo-dissociation regions around relatively young stars, and the AKARI 9 µm band is sensitive to the 6.2, 7.7 and 8.6 µm features of ionised PAHs (Ishihara et al. 2010) . We note that relatively quiescent ETGs tend to show unusually high PAH 11.3 µm/PAH 7.7 µm ratios, indicating a dominance of neutral PAHs not related to star formation (e.g., Kaneda et al. 2005 Kaneda et al. , 2008 Panuzzo et al. 2011 ), but our results are not likely to be sensitive to this unusual interband ratio as L PAH is mostly determined from the AKARI 9 µm band that excludes the 11.3 µm feature. Furthermore, the WISE 12 µm-band fluxes do not indicate the presence of unusually strong PAH 11.3 µm features.
A&A proofs: manuscript no. draft170524 . Observed spectral energy distributions (red data points) overlaid with the best-fit spectral models (solid black lines), for the 231 successfully fitted ATLAS 3D galaxies. AKARI data points are shown as stars, others data points as filled circles. Dotted orange, green, red and blue lines indicate the best-fit stellar, PAH, warm and cold dust component, respectively. The name of the galaxy is indicated in the top-left corner of each panel, in blue for CO-detected galaxies and red for non-CO-detected galaxies. Galaxies with no AKARI FIR (65, 90 or 140 µm) detection are marked with an asterisk. Fig. 4 . Infrared-derived luminosities (PAH, warm dust, cold dust and TIR) versus molecular gas (H 2 ) masses, for the 231 successfully fitted ATLAS 3D galaxies. Blue data points represent CO-detected galaxies while open red triangles show non-CO-detected galaxies (i.e., M H 2 upper limits).
To convert L PAH to a SFR, we adopted the method described in Shipley et al. (2016) , in which the sum of the 6.2, 7.7 and 11.3 µm features is used to estimate the SFR. The ratio of these PAH bands to the total PAH emission is 0.65 in the PAH template adopted for our SED fits (a value typical of star-forming galaxies; Smith et al. 2007 ), so we simply propagate this fraction in our calculations. To convert L TIR to a SFR, we used the conversion of Kennicutt (1998) with a correction to the Kroupa initial mass function (Hao et al. 2011; Murphy et al. 2011 ).
For the majority of our 231 ETGs, the current SFR is estimated to be in the range 0.01 -1 M ⊙ yr −1 . Furthermore, as shown in the right panel of Fig. 5 , the SFRs estimated from PAH luminosities are in good agreement with those estimated from TIR luminosities, with an average ratio of SFR PAH /SFR TIR = 1.0±0.1 and nul intrinsic scatter (given the large uncertainties; estimated again as in Sect. 2.2).
For 56 CO-detected ETGs of the ATLAS 3D sample, Davis et al. (2014) estimated the current SFR with a combination of FUV and 22 µm emission. In the left and middle panels of Fig. 5 , we therefore compare those SFRs with the PAH and TIR SFRs calculated here. Our SFRs are generally in good agreements with those of Davis et al. (2014) , but they are systematically larger by a factor of ≈ 2 at SFRs smaller than ≈0.1 M ⊙ yr −1 (SFR PAH /SFR FUV+22µm = 1.6 ± 0.2 and SFR TIR /SFR FUV+22µm = 2.2±0.3, with intrinsic scatters of 0.3 dex, for all galaxies in common). This systematic difference is presumably due to the specific physical conditions in the star-formation regions of ETGs, that will be discussed in Sect. 4.3.
A&A proofs: manuscript no. draft170524 Fig. 5 . Comparisons of our PAH-and TIR-derived star formation rates and the FUV+22 µm star formation rates of Davis et al. (2014) , the latter for CO-detected galaxies only. Solid red lines show the best-fit linear relations with nul intercepts, while the labels list the best-fit slopes, fixed intercepts and intrinsic scatters around the best-fit relations. Low-frequency (1.4 GHz) radio continuum observations of 72 ATLAS 3D ETGs were presented by Nyland et al. (2017) . We therefore estimated SFRs from these measurements using the conversion of Murphy et al. (2011) , and we compare these estimates with our PAH-and TIR-derived estimates in Fig. 6 . As shown in the left and middle panels, our measurements are generally in good agreements with those derived from Nyland et al. (2017) , but they are systematically larger by factors of SFR PAH /SFR 1.4GHz = 1.4 ± 0.3 and SFR TIR /SFR 1.4GHz = 1.5 ± 0.3, with intrinsic scatters of 0.5 dex (for all galaxies in common). As can be expected from the discussion in the paragraph above, the 1.4 GHz-and FUV+22 µm-derived SFRs are then in rough agreement (SFR FUV+22µm /SFR 1.4GHz = 0.8 ± 0.2, with an intrinsic scatter of 0.5 dex for galaxies in common; see the right panel of Fig. 6) . These results will also be discussed in Sect. 4.3.
Discussion
Relations between SFRs and gas masses
Star formation in galaxies is characterized by a power-law relation between the current SFR (Σ SFR ) and cold gas mass (Σ gas ) surface densities, known as the Kennicutt-Schmidt (KS) law (Σ SFR ∝ Σ n gas ), where the power-law index n is found to be ≈1.4 for local star-forming galaxies (Kennicutt 1998) but varies from 1 to 2 from galaxy to galaxy, reflecting differences in the star formation processes (e.g., Taniguchi & Ohyama 1998; Misiriotis et al. 2006 ). The power-law index is also generally closer to unity for molecules tracing gas denser than CO (e.g., HCN; Gao & Solomon 2004) . Davis et al. (2014) investigated the KS law of 56 CO-detected ATLAS 3D galaxies using their SFRs estimated from FUV and 22 µm emission. Here, we revisit the KS law for the same 56 ETGs using our SFRs estimated from PAH and TIR emission.
To calculate Σ SFR and Σ gas , we use our own SFRs but the gas masses and source sizes listed in Davis et al. (2014) , where the gas masses were derived by summing the CO and central H i gas masses, and the sizes were measured using interferometric CO, spatially-resolved MIR, optical or FUV observations. The resulting Σ SFR -Σ gas correlations are shown in Fig. 7 . The solid black lines and shaded grey regions show respectively the KS law of local star-forming galaxies with n = 1.4 and its intrinsic scatter (Kennicutt 1998). The solid and dashed red lines show the best linear fits to the data with respectively free and fixed (n = 1.4) slope. The best-fit parameters are listed in Table 3. We note that the galaxy NGC 1266, that is systematically located in the top-right of each panel of Fig. 7 , is known to have strongly suppressed star formation and thus to be an out- Star formation rates (PAH-and TIR-derived) versus total gas surface densities (i.e., KS law) for CO-detected galaxies. Solid black lines and shaded grey regions show respectively the Kennicutt (1998) relation for local star-forming galaxies (with power-law index n = 1.4) and its intrinsic scatter. Solid and dashed red lines show the best linear fits with respectively free and fixed (n = 1.4) slope. The galaxy located in the top-right of each panel is NGC 1266, known to have strongly suppressed star formation. It was excluded from the fits. lier in the star-formation relation (see Alatalo et al. 2011 Alatalo et al. , 2015 Nyland et al. 2013) . We have thus excluded it from the fits. Figure 7 shows that the majority of CO-detected (and thus potentially star-forming) ETGs do follow the KS law of local starforming galaxies. In particular, the fixed-slope fits have no offset with respect to the Kennicutt (1998) relation, suggesting that the SFEs of local ETGs are similar to those of local star-forming galaxies. This is contrary to the results of Davis et al. (2014) , that suggested smaller SFEs for the same sample galaxies, by a factor of 2 -3. This difference can be directly attributed to the similarly higher SFRs calculated here from the AKARI data (see Sect. 3.3 and Figs. 5 and 6). We come back to this difference in Sect. 4.3.
When left free, the slopes of the power-law fits are n = 1.10 ± 0.11 and n = 1.49 ± 0.13 for the PAH and TIR SFRs, 
respectively. The significant deviation of the PAH SFR slope from n = 1.4 appears to be caused by several galaxies with relatively high Σ SFR at Σ gas 0.6 × 10 2 M ⊙ pc −2 . Those galaxies may have a different star-formation mode (e.g., widespread
Article number, page 9 of 30 versus circumnuclear) or a different ISM-acquisition mode (e.g., internal versus external). The origin of the gas can be constrained by examining the kinematic misalignment between stars and gas. Kinematically-misaligned gas likely indicates an external origin (e.g., minor merger or accretion from filaments), while kinematically-aligned gas is expected from both internal (e.g., stellar mass loss or remnant from the galaxy formation event) and occasionally external gas. Figure 8 is analogous to Fig. 7 , but we colour code the galaxies according to their starionised gas kinematic (mis)alignment, when such a measurement is available. Davis et al. (2011) measured star-gas kinematic (mis)alignments for 35 CO-detected galaxies mapped interferometrically in CO, but 51 CO-detected galaxies mapped with optical integral-field spectroscopy in ionised gas, and they showed that both measurements are always in agreement. We therefore use the latter measurements here. Interestingly, Fig. 8 reveals that many of the galaxies with relatively high Σ SFR at Σ gas 0.6×10 2 M ⊙ pc −2 (and none of the galaxies with relatively low Σ SFR at those same Σ gas ) have kinematically-misaligned gas, indicating that they have acquired their ISM from external sources. Galaxies with kinematically-misaligned gas also seem to have higher scatters around the best-fit relations than galaxies with kinematically-aligned gas, perhaps suggesting a more bursty and thus temporally variable recent star formation history.
Relations between SFRs and stellar masses
In Fig. 9 , the PAH and TIR SFRs of our sample galaxies are plotted against their stellar masses M ⋆ , the latter calculated from optical photometry and stellar mass-to-light ratios measured from dynamical models . The data points are also colour-coded according to the mass-weighted stellar population age of each galaxy, obtained by fitting stellar population synthesis models to the optical spectrum of the inner effective radius (McDermid et al. 2015) . We use mass-weighted ages rather than the more common luminosity-weighted ages as the former better represent the age of the bulk of the stellar populations, being less affected by a sprinkling of young stars onto a dominant old stellar population. The dotted black lines show the so-called star-formation main sequence, i.e., the correlation between current SFR and stellar mass of local star-forming galaxies (Elbaz et al. 2007 ). The dotted blue, green and red lines are linear fits to our ETG galaxies in the age range 3 -7, 7 -11 and 11 -14 Gyr, respectively. The best-fit parameters are listed in Table 4. A similar figure for the SAURON sample of 48 ETGs was presented by Shapiro et al. (2010) , but the much larger ATLAS 3D sample of 260 ETGs studied here (231 with relevant measurements) offers much clearer insight into the relationship between current SFR, stellar mass and stellar population age. Figure 9 shows that, at fixed stellar mass, all our sample ETGs have a lower current SFR than that of local star-forming galaxies, confirming that local ETGs are quiescent galaxies. Figure 9 also shows that, overall (and at least in the recent history of the universe), the SFRs of ETGs must decrease as they evolve (i.e., ETGs move to the lower-right of the panels as they become older and more massive). However, while at fixed mass the current SFRs decrease strongly with age (here by about 1.5 dex), at fixed stellar age the current SFRs increase with stellar mass. In fact, at fixed stellar age the SFRs and stellar masses of our ETGs are correlated similarly to those of local star-forming galaxies, with power-law slopes near unity (see Table 4 ). This is shown more clearly in Fig. 10 , that shows the specific SFRs (sSFRs, i.e., SFR/M ⋆ ) of our sample galaxies as a function of stellar mass. Indeed, while the current sSFRs of our ETGs strongly decrease with age as expected from Fig. 9 , they are nearly independent of stellar mass at any age. Similar trends are reported for galaxies with low SFRs by Saintonge et al. (2016) , who studied both early-and late-type galaxies (see their Figs. 2 and 4) . This suggests that local ETGs acquire their cold ISM necessary to form stars by mechanisms related to stellar mass, as do normal starforming galaxies (e.g., Davé et al. 2011) .
We note here that the sSFRs and stellar ages we discuss are independent of each other and are not correlated by construction. As our SFRs (estimated from MIR photometry) trace only young stars while our total stellar masses (estimated from optical photometry and stellar dynamical modelling) include both young and old stars, our sSFRs trace the ratio of young to both young and old stars. On the other hand, our stellar ages (estimated from optical spectroscopy) trace the ratio of young to old stars only. Our SFRs are also (nearly) instantaneous measures (tracing stars of ages typically < 100 Myrs), while our stellar ages are also affected by (and nearly always degenerate with) intermediate age stars (≥ 1 Gyr).
Star formation in ETGs
Based on current SFRs estimated from FUV and 22 µm emission, Davis et al. (2014) argued that local ETGs have SFEs lower than those of local star-forming galaxies, an effect they assigned to the particular dynamical properties of ETGs, such as increased central disc stability and/or galactic shear in the central regions where molecular gas is found. However, our results show that the SFEs of (the same) local ETGs estimated from AKARI PAH and TIR emission are similar to those of local star-forming galaxies (see Figs. 5 and 7), in agreement with the smaller study of Shapiro et al. (2010) utilizing Spitzer PAH emission. As TIR emission can be enhanced by low-luminosity AGN and old stellar populations, that are unrelated to star-formation, the discrepancy of the TIR-estimated SFRs is likely easily explained. The discrepancy of the PAH-estimated SFRs is however not so easily explained, and may be due to the fact that PAH emission (like TIR emission) can trace star-formation regions with softer UV radiation fields than those traced in the FUV and at 22 µm (e.g., Compiègne et al. 2011) . The higher PAH SFRs therefore apparently call for less massive star formation. Indeed, it is suggested that galaxies with low SFRs preferentially form low-mass stars (rather than high-mass stars; e.g., Hoversten & Glazebrook 2008; Gunawardhana et al. 2011) , which would result in softer radiation fields in ETGs. The ratios of the [C ii] 158 µm line to FIR fluxes also support radiation fields softer in ETGs than in spiral galaxies (Malhotra et al. 2000) . While old stars in ETGs can and do emit in the UV (UV-upturn phenomenon; Yi et al. 1997) , Davis et al. (2014) argued that this does not significantly affect the FUV-based SFRs of the ATLAS 3D ETGs. Interestingly, this preference for low-mass stars is consistent with a flurry of recent works arguing that ETGs have bottom-heavy initial mass functions (IMFs; see, e.g., van Dokkum & Conroy 2010; Cappellari et al. 2012) .
Of course, just like the FUV and 22 µm estimates, the 1.4 GHz SFR estimates derived from the Nyland et al.'s (2017) radio continuum measurements are also systematically lower than the PAH-and TIR-derived estimates (see Fig. 6 ). As the 1.4 GHz continuum emission is due to non-thermal synchrotron emission associated with supernova remnants (and thus ultimately the explosions of massive stars; e.g., Murphy et al. 2011 ), this trend is also consistent with a scenario whereby massive star formation is inefficient in ETGs. Fig. 9 . Correlations between the star formation rates (PAH-and TIR-derived) and stellar masses of the 231 successfully fitted ATLAS 3D galaxies. Data points are colour-coded according to their mass-weighted stellar population age (McDermid et al. 2015) . Dotted black lines show the star formation main sequence of local star-forming galaxies (Elbaz et al. 2007 ). Dotted blue, green and red lines show the best linear fits for the age range 3 -7, 7 -11 and 11 -14 Gyr, respectively. Figure 11 shows the current SFEs of CO-detected ETGs as a function of their stellar masses, with the data points colour-coded as a function of mass-weighted stellar age. No dependence is apparent as a function of either stellar mass or age. Combined with the continuous decrease of the sSFR -M star relations with stellar age seen in Fig. 10 , this implies that the current cold gas fraction (M gas /M ⋆ ) of ETGs must decrease with stellar age (at fixed stellar mass; sSFR ≡ SFR/M ⋆ = SFE × M gas /M ⋆ ). We show this trend in Fig. 12 , where M gas /M ⋆ is plotted as a function of mass-weighted stellar age. The same trend is reported for nearby massive galaxies (log(M ⋆ /M ⊙ ) > 10) by Saintonge et al. (2011 Saintonge et al. ( , 2016 , although our study extends the trend to lower gas fractions (M gas /M ⋆ ≈10 −4 ). Hence our results suggest that the decrease of the current SFR in local ETGs is likely due to a decrease of their cold gas fractions, rather than a suppression of star formation (via, e.g., AGN feedback or specific dynamical properties).
Conclusions
We have conducted a systematic study of star formation in the 260 local ETGs of the ATLAS 3D survey, using newly measured IR fluxes from the AKARI all-sky diffuse maps combined with WISE and 2MASS literature data. In the AKARI FIR bands, 117 (45%) galaxies are detected in at least one band, while 71 (27%) galaxies are detected in at least two bands. The 9 and 18 µm luminosities of the non-CO-detected galaxies are correlated with the stellar luminosities, showing that they trace respectively stellar and circumstellar dust emission. On the other hand, CO-detected galaxies show an excess above these correlations, uncorrelated with the stellar luminosities, indicating that they likely contain PAHs and dust of interstellar origin. There are at best weak correlations between the 90 and 140 µm luminosities and the stellar luminosities of non-CO-detected galaxies (but again an excess for CO-detected galaxies), suggesting that FIR emission in ETGs primarily originates from cold dust unrelated to the stars. We estimated the IR luminosities (L PAH , L warm , L cold and L TIR ) of the sample ETGs by decomposing their SEDs with a dust model. For the CO-detected galaxies, all of the IR luminosities correlate well with the H 2 masses, confirming a tight connection between interstellar dust and molecular gas in local ETGs.
Utilizing L PAH and L TIR as current SFR indicators, we measure typical current SFRs of 0.01 -1 M ⊙ yr −1 . These SFRs are generally in good agreement with previously measured SFRs using FUV and 22 µm emission as well as 1.4 GHz radio continuum emission, but they are systematically higher by a factor of ≈ 1.5 - 2, particularly at low SFRs. This discrepancy may be due to the fact that PAH and TIR emission can trace star-formation regions with softer radiation fields than those traced in the FUV, 22 µm and 1.4 GHz bands. The majority of ETGs appear to follow the standard KS law of local star-forming galaxies, with no offset, indicating that they have similar current SFEs. This is contrary to recent results suggesting slightly lower SFEs, and is directly related to the higher SFRs derived. There is also some evidence that ETGs whose cold gas has an external origin have more varied SFEs. We have also investigated the relations between current SFRs, stellar masses and mass-weighted stellar population ages. At fixed stellar mass, the SFRs rapidly decrease with age, but at fixed stellar age the SFRs are roughly linearly correlated with stellar mass, indicating roughly constant sSFRs. In addition, the current SFEs of CO-detected galaxies appear independent of both stellar age and mass. These results suggest that local ETGs acquire their cold ISM by mechanisms regulated primarily by stellar mass, while at fixed stellar mass the cold gas fraction must decrease with stellar age. Hence the current relatively low SFRs of local ETGs are likely due to a decrease of their cold gas fractions, rather than a suppression of star formation. 
